acute kidney injury; purinergic receptors; renal tubular cells; apoptosis ACUTE KIDNEY INJURY (AKI) after ischemia-reperfusion (I/R) is a common clinical problem complicated by substantial morbidity and mortality. The pathogenesis of kidney I/R is complex and generally involves direct induction of renal tubular cell death; renal endothelial injury; expression of many chemokines and cytokines such as interleukin-1␤ (IL-1␤), monocyte chemotactic protein-1 (MCP-1), and regulated upon expression normal T cell expressed and secreted (RANTES); and infiltration of leukocytes (6, 14) . Although recent advances in the use of biomarkers such as neutrophil gelatinase-associated lipocalin (NAGL) and kidney injury molecule 1 (Kim1) have helped in the early diagnosis of AKI, so far, there is no effective therapy for its treatment other than time and supportive measures or renal replacement therapy. Thus there is an urgent need to gain more mechanistic insights into I/R-induced AKI and develop novel approaches to treat this syndrome.
AKI leads to activation of various forms of cell death, including necrosis, apoptosis, or autophagy-associated cell death (6, 14) . Apoptosis is the process of programmed cell death that involves the activation of enzymes (i.e., caspase-3) and activation of multiple intracellular signaling pathways including extracellular signal-regulated kinases 1/2 (ERK1/2), but cellular plasma membrane integrity is usually intact without release of intracellular contents. In contrast, necrosis is characterized by cell and organelle swelling with subsequent rupture of surface membranes and the spilling of their intracellular contents. This is particularly the case in the event of acute tissue injury such as I/R (14, 25) . Renal epithelial cells contain a large amount of ATP (5-8 mM) (15) . Along with other cellular contents, ATP is released into the environment surrounding damaged cells (15) . ATP release is thought to lead to tissue inflammation and leukocyte infiltration, with the presence of inflammatory cells triggering additional cell damage and ATP release (7) . Thus pharmacological strategies to block ATP release or ATP receptor signaling may have promise as a means to attenuate sterile inflammation and ameliorate the process of renal injury during I/R.
The biological actions of extracellular ATP are largely mediated by the purinergic P2X receptors, which include seven subtypes, P2X1-7 (15) . Although all these members of the P2X receptor family form nonspecific cation channels on binding to a nucleotide ligand, the P2X7 receptor (P2X7R) has low ATP affinity, requiring 10 -100 times higher concentrations of ATP for activation compared with other P2X receptors (34) . Its sustained activation can induce membrane permeability or formation of large pores. The P2X7R-dependent cellular membrane changes are important in mediating ATP signaling in several pathophysiological processes such as membrane blebbing and microvesicle shedding (5) . Irreversible membrane blebbing disrupts membrane integrity, leading to efflux of vital intracellular molecules and cell death. Microvesicle shedding can mediate ATP-induced IL-1␤ release from immune cells (5, 40) . Altered P2X7R expression and function have been reported to be causally associated with numerous diseases such as cerebrovascular disease, rheumatoid arthritis, and multiple sclerosis (1, 21, 23) .
Emerging evidence from animal studies indicates that P2X7R expression/activation has also been linked to renal diseases. For example, P2X7R mRNA increased in the kidneys of a rat model of proliferative glomerulonephritis and this coincided with the onset of proteinuria (38) . P2X7R deficiency in mice or treatment with the selective P2X7 antagonist A438079 in rats prevented the development of glomerulonephritis (37) . Pharmacological and/or genetic blockade of P2X7R also showed a renoprotective effect in a mouse model of accelerated nephrotoxic nephritis (41) and a rat model of lupus nephritis (43) . Recent studies have further suggested that P2X7R contributes to the development of hypertensive and diabetic nephropathy as evidenced by albuminuria and renal interstitial fibrosis and increased serum creatinine levels in P2X7R knockout mice. In addition, unilateral obstruction induced upregulation of P2X7R in renal tubular epithelial cells, and P2X7R knockdown attenuated renal interstitial fibrosis and macrophage infiltration (12) , suggesting that P2X7R expression is also associated with the pathogenesis of obstructive nephropathy. Even though P2X7R has been implicated in these forms of kidney injury, it role in AKI is still not well understood.
The present study was undertaken to examine the role of P2XR in a murine model of I/R-induced AKI. By administration of A438079, a selective P2X7 inhibitor at different time points (0, 6, 24 h) after starting reperfusion, we demonstrated that A438079 was effective in protecting against I/R-induced renal dysfunction and renal tubular damage when given within 6 h after onset of reperfusion. 
MATERIALS AND METHODS
Chemicals and antibodies. Antibodies to P2X7R, poly(ADP-ribose)polymerase (PARP), and GAPDH and P2X7R siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antimouse NGAL antibody was purchased from R&D Systems (Minneapolis, MN). Antibodies to phospho-ERK1/2 and ERK1/2 were purchased from Cell Signaling Technology (Danvers, MA). The terminal deoxynucleotidyl transferased UTP-mediated nick-end labeling (TUNEL) assay kit was obtained from Roche (Nutley, NJ). A438079 was purchased from Abcam (Cambridge, MA). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO).
Culture with 5% FBS at 37°C in 5% CO2 as described in our previous study (33) . The siRNA oligonucleotides targeted specifically to mouse P2X7R were used in this experiment. siRNA (750 pmol) was transfected into RPTC (2 ϫ 10 6 ) using the Nucleofector Kit V and the Amaxa Nucleofector device according to the manufacturer's instructions (Gaithersburg, MD). In parallel, 750 pmol of scrambled siRNA were used to control for off-target changes in RPTC. After transfection, cells were cultured in DMEM/F-12 for 12 h and then switched to a serum-free medium for an additional 24 h. To examine the effect of H 2O2 on the death of RPTC, 1 mM H2O2 was added to the culture for 5 h and then cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described in our previous study (33) .
Murine model of I/R-induced AKI and A438079 treatment. The murine model of I/R injury was established according to the procedures described in our recent studies (36) . Mice were anesthetized by ketamine (75 mg/kg ip) and dexdomitor (50 mg/kg im). A flank incision was made on both left and right sides. The bilateral renal arteries and veins were isolated from the surrounding tissue by blunt dissection and then occluded with a nontraumatic vascular clamp (85 g of pressure; RobozSurg Instruments) for 30 min at 37°C. In the sham-operated kidney, used as a control, the renal pedicle was isolated but not clamped. All the mice were divided into three groups and treated with the same volume of either vehicle (DMSO) or A438079 (80 mg/kg ip) at different time points: immediately (I-IV), 6 (V-VIII), or 24 h (IX-XII) after the starting of reperfusion ( Fig. 1 ). Animals were housed for an additional 24 h before being killed for collection of blood and kidneys; five to six animals were used in each group (Fig. 1 ). All experimental procedures were performed according to the US Guidelines to the Care and Use of Laboratory Animals and approved by the Lifespan Animal Welfare Committee.
Immunofluorescent and histochemistry staining. Tissues were fixed in 4.5% buffered formalin, dehydrated, and embedded in paraffin. Sections were stained with periodic acid-Schiff (PAS). For immunofluorescent staining, primary antibodies against NGAL (1:200), P2X7R (1:250), and fluorescent-conjugated secondary antibodies (1: 500) were applied to the sections. Examination and scoring of sections from each kidney (n ϭ 3-5 for each condition) were carried out in a blinded fashion. Morphological damage (epithelial necrosis, luminal necrotic debris, and tubular dilation) was quantified using the following scale: none ϭ 0; Ͻ10% ϭ 1; 11-25% ϭ 2; 26 -75% ϭ 3; and Ͼ75% ϭ 4. The histochemistry staining of MCP-1 and RANTES was conducted according to our previous protocol (27) and quantitatively measured using Image Pro-Plus software (Media-Cybernetics, Silver Spring, MD) by drawing a line around the perimeter of positive staining area and then calculating and graphing the average ratio of positive staining to each microscopic field (ϫ200).
In situ TUNEL assays. A TUNEL staining kit was used to detect DNA strand breaks according to the instructions provided by the manufacturer. The number of TUNEL-positive nuclei per field was evaluated in five fields per section and five sections per kidney.
Immunoblot analysis. Immunoblot analysis for tissue samples was carried out according to our previous protocols (46) . The densitometry analysis of immunoblot results was conducted by using NIH Image software (National Institutes of Health, Bethesda, MD).
Measurement of renal function. Renal function was estimated by serum creatinine and blood urea nitrogen (BUN), measured using a colorimetric kit (Sigma Diagnostics) and enzymatic assay kit (Sigma Diagnostics), respectively, according to the protocol provided by the manufacture.
Statistical analysis. Experiments were conducted at least three times. Data depicted in graphs represent the means Ϯ SE for each group. Intergroup comparisons were made using one-way ANOVA. Multiple means were compared using Tukey's test. The differences between two groups were determined by Student t-test. Statistical significant difference between mean values was marked in each graph. P Ͻ 0.05 is considered significant.
RESULTS
Blocking P2X7R with A438079 protects against AKI induced by I/R in mice. P2X7R activation has been reported to contribute to acute liver and spine cord injury (16, 31) examine whether P2X7R also plays a role in AKI, we treated I/R-induced AKI in a murine model with A438079, a potent, selective, and competitive P2X7R antagonist (29) . A438079 or vehicle was administrated immediately, 6, or 24 h after onset of reperfusion, and then blood and kidney were collected at 24 h after treatment with the antagonist or vehicle (Fig. 1) . As shown in Fig. 2, A and B , the BUN and serum creatinine levels were significantly increased in I/R-injured mice compared with sham-operated animals. Administration of A438079 immediately or 6 h after the start of reperfusion significantly reduced blood BUN and serum creatinine levels (Fig. 2, C and D) . However, A438079 did not affect blood BUN and creatinine levels when it was given at 24 h after reperfusion (Fig. 2, E and  F) . These data suggest that P2X7 inhibition can lessen renal dysfunction when A438079 is employed early during reperfusion after ischemia.
Blocking P2X7R with A438079 attenuates I/R-induced renal tubular damage in mice. To examine the effect of P2X7R inhibition on renal tubular damage, we did PAS staining and analyzed the pathological changes. At 24 h after I/R injury, the loss of the PAS-positive brush border and scattered cell necrosis, sloughing of tubular epithelial cells, cast formation, and dilation of tubules were clearly observed in some tubules of the injured kidney without treatment of A438079, but only minimal damage of renal tubules was seen in animals given A438079 either immediately or 6 h (early treatments) after onset of reperfusion. After I/R for 48 h, kidneys displayed severe tubular damage with detached tubular cells and loss of brush border; delayed administration of A438079 at 24 h after reperfusion (late treatment) did not attenuate morphological damage of renal tubules (Fig. 3A) . Using the semiquantitative scoring system described in MATERIALS AND METHODS, we scored the degree of renal damage and also demonstrated a significant reduction in tubular damage after administration of A438079 at the early time compared with the treatment at late time (Fig. 3,  B-D) . These data illustrated that earlier treatment with A438079 after I/R can protect against renal injury and suggest that P2X7R is an important mediator of injury. Since administration of A438079 immediately or 6 h after reperfusion produced similar renoprotective effects and late treatment with A438079 at 48 h after reflow did not show such effects, we examined the renal protective mechanism of this agent by utilizing kidney tissue collected at 24 h in mice with immediate treatment after reperfusion in the following experiments.
I/R injury upregulates P2X7R expression in renal tubular cells and A438079 treatment reduces its expression. P2X7R is barely expressed in normal kidneys, but its renal expression is increased in animal models of diabetic and hypertensive nephropathy (5). P2X7R expression in the kidney after acute injury is not clear. Figure 4 , B and C, shows that a low level of P2X7R was detected in the sham-operated kidney and administration of A438079 did not affect its expression. However, renal P2X7R expression levels were significantly increased after I/R injury, and A438079 treatment reduced its expression. Immunofluorescent staining showed that P2X7R was primarily expressed in renal tubular cells (Fig. 4A ). These data indicated that I/R injury can induce P2X7R expression in the kidney through a mechanism involved in self-regulation after I/R injury. nificantly reduced its expression. As expected, its expression was not detected in the sham-operated kidney with and without administration of A438079 (Fig. 5, A and B) . The same results were also observed by Western blot analysis (Fig. 5, C and D) . It has been reported that NGAL is primarily expressed in the thick ascending limbs and distal tubules of the nephron (30) . By costaining of NGAL with Tamm-Horsfall protein (THP), a marker of thick ascending limb (10), we confirmed an abundant expression of NGAL in this segment of renal tubules after I/R injury (Fig. 5, E and F) . However, there were also some tubules expressing NGAL without THP, suggesting that NGAL is also expressed in the distal tubules. Collectively, these data suggest that P2X7R blockade with A438079 is effective in suppressing renal tubular injury.
Inhibition of P2X7R with A438079 reduces NGAL expression in I/R-injured kidneys. NGAL is a well-known early biomarker of renal tubular injury and is specifically expressed in injured renal tubular cells (39)
.
A438079 treatment inhibits renal tubular death in I/Rinjured kidneys.
After I/R injury, renal tubular cells die by necrosis and apoptosis (14, 25) . To examine whether P2X7R is necessary for regulation of renal tubular cell death, we conducted TUNEL staining to investigate the effect of A438079 on cell death. Figure 6, A and B effect of A438079 on the expression of PARP at 55-kDa fragment, which is an hallmark of necrotic cell death (8, 11) . As shown in Fig. 6 , C and D, A438079 was also effective in suppressing cleavage of PARP to this fragment, suggesting that P2X7R plays a critical role in cell death of renal tubules after I/R-induced AKI. In line with this observation, we also demonstrated that either inhibition of P2X7R with A438079 or silencing of P2X7R with its specific siRNA protected cultured RPTC against oxidant injury. P2X7R protein levels were successfully downregulated in cells treated with its siRNA (Supplemental Fig. S1 ; Supplemental Material for this article is available online at the Journal website).
Administration of A438079 reduces expression of MCP-1 and RANTES in renal tubular cells after I/R injury.
Sterile inflammation during I/R is characterized by accumulation of inflammatory cells (6) . Previous studies have revealed the role of P2X7R in mediating expression of interleukin-1␤ (5). To demonstrate whether this purinergic receptor is also involved in regulating expression of chemokines and accumulation of inflammatory cells, we first examined the effect of A438079 on the expression of MCP-1 and RANTES, two important chemokines in the kidney after I/R injury by histochemistry staining. I/R injury to the kidney resulted in increased expression of MCP-1 and RANTES in renal tubular cells and treatment with A438079 significantly reduced their expression when given immediately at the end of ischemia (Fig. 7) or 6 h after reperfusion (data not shown). However, A438079 did not show any inhibitory effect on the expression of these two chemokines when given 24 h after reperfusion (data not shown). Taken together, these data suggest that P2X7R activation is critically involved in the expression of chemokines in the kidney after I/R injury.
Blocking P2X7R with A438079 inhibits I/R-induced ERK1/2 phosphorylation in the kidney. Our previous study showed that ERK1/2 activation is implicated in both apoptotic and necrotic cell death in cultured RPTC (44, 45) . As P2X7R activation also mediates these two types of cell death, we further examined the effect of P2X7R inhibition on I/R-induced activation of ERK1/2 in the kidney. A basal level of ERK1/2 phosphorylation was detected in the sham-operated kidney, and the expression levels were further increased in response to I/R injury (Fig. 8) . A438079 treatment significantly reduced ERK1/2 phosphorylation. Therefore, P2X7R plays an essential role in the regulation of ERK1/2 activation and ERK1/2 may mediate, at least in part, actions of P2X7R.
DISCUSSION
Previous studies have shown that P2X7R contributes to renal injury and inflammation in animal models of glomerular nephritis (37, 41, 43) and several chronic kidney diseases including diabetic, hypertensive, and ureteral obstructive nephropathy (12, 19, 20) . However, its role in AKI remains unclear. In this study, we demonstrated that expression of P2X7R was increased in the kidney after I/R injury and administration of A438079, a selective inhibitor of P2X7R, within 6 h after onset of reperfusion improved renal function, attenuated renal tubule damage, and inhibited cell death. The early P2X7R inhibition also suppressed production of chemokines (i.e., MCP-1, RAN-TES) in the injured kidney. However, late treatment with this agent (24 h after reperfusion) did not show any beneficial effects on I/R-induced renal dysfunction and tubular damage. These results suggest that P2X7R activation plays an essential role in accelerating AKI by potentiating renal tubular cell death and inflammatory response and that P2X7R inhibition protects against ischemic AKI in mice. To our knowledge, this is the first time that P2X7R has been identified as a mediator of AKI.
The P2X7R is normally expressed in the cells of the immune system, and there is very little expression in normal kidney tissue (5). However, under pathological conditions, its expression is upregulated at sites of tissue damage and inflammation in the kidney. For example, a high level of the P2X7R was detected in the glomeruli of diabetic and hypertensive rats (19, 20) and in several cell types such as podocytes in response to stresses, cultured mesangial cells in response to TNF-␣, and renal interstitial fibroblasts upon exposure to necrotic renal tubular cells (5, 15, 33) . In this study, we demonstrated that I/R injury increased expression of P2X7R in the kidney; immunostaining indicated that it was localized in renal tubular cells, in particular, the thick ascending limbs. In line with our observations, P2XR was also mainly detected in the renal epithelial cells in the cortex of murine kidney after ureteral obstruction and in the outer medulla of kidney biopsy tissue from patients with lupus nephritis (12, 43) . Currently, the mechanism that regulates expression of P2X7R is not fully understood. As P2X7 gene contains putative binding sites for Elk1, a transcriptional factor that is regulated by the MEK-ERK cascade (42), and we have recently revealed that ERK1/2-mediated phosphorylation of Elk1 is required for P2X7R expression in renal fibroblasts (32) , it is possible that ERK1/2 might also play a role in regulating P2X7R expression in the kidney after I/R injury. Additional studies are needed to address this issue in vivo.
Our data indicate that P2X7 mediates renal tubular cell death and AKI. This was demonstrated by the following observations: 1) I/R injury increased P2X7R expression in renal tubule cells; 2) blocking P2X7R with A438079 attenuated renal tubular damage; 3) A438079 treatment suppressed expression of NGAL, a hallmark of acute tubule injury and inhibited renal epithelial cell death; and 4) siRNA-mediated knockdown of P2X7R protected cultured RPTC against oxidant injury. P2X7R-mediated cell death may be through activation of ERK1/2. This is suggested by our observations that activation of the ERK1/2 pathway leads to both renal tubular cell apoptosis (45) and necrosis (44) in response to oxidative stress. In addition, studies in animal models have also shown that blocking ERK1/2 signaling attenuates I/R and cisplatin-induced AKI and promotes renal function recovery (2, 22) . As both apoptosis and necrosis of renal epithelial cells can be regulated in a programmed fashion (24, 26) , ERK1/2 may act as the important signaling molecules that participate in modulation of these two types of cell death in the kidney. Although it is known that active ERK1/2 is required for the activation of caspase-3, a key signaling molecule in apoptotic pathway and induction of mitochondrial dysfunction in renal epithelial cells exposed to oxidants such as hydrogen peroxide (44, 45) , it remains unclear whether ERK1/2 is associated with regulation of the necrotic machinery such as RIPK3-dependent assembly of the necrosome (24, 26) . Future studies are needed to elucidate the possible role and mechanisms of ERK1/2 in the modulation of this and other identified necrotic pathways.
Although there is growing appreciation for the role of P2X7R as a modulator of proinflammatory IL-1␤ processing, less studied is its role in the expression of chemokines. Numerous studies have shown that pharmacological and genetic inhibition of P2X7R leads to reduced infiltration of proinfilammatory cells in the kidney and other organs (3, 4) , suggesting that P2X7R may play a role in regulating expression and production of chemokines. In this study, we examined the effect of P2X7R inhibition on the expression of MCP-1 and RANTES, two key chemokines, in the kidney after I/R injury and found that A438079 treatment significantly reduced their expression. Therefore, signaling via P2X7R may allow cells to respond to the events occurring in the extracellular environment, to modulate the transcription of genes involved in cellular inflammatory processes, and to thus regulate expression of cytokines/chemokines. Drug discovery and preclinical studies have demonstrated the proof of concepts that the targeting P2XR is a promising therapeutics approach (4, 28) . Drugs inhibiting P2X7R are currently in Phase 1 and 2 clinical trials to test the efficacy of P2X7R inhibitors in the treatment of osteoarthritis, chronic obstructive pulmonary disease, and inflammatory bowel disease (13, 28) . As mentioned above, P2X7R inhibition has also been shown to be effective in treating glomerulonephritis and nephropathies induced by diabetes, hypertension, and ureteral obstruction in animal models. Our current studies have further suggested a pathologic role for P2X7R in AKI. It will be thus interesting to initiate clinical trials to test the efficacy of P2X7R blockade in treating various acute and chronic kidney diseases in the future.
In summary, this study demonstrates that P2X7R inhibition protects against AKI. The protective effect is associated with inhibition of renal tubule cell death and reduction of chemokine production. ERK1/2 may mediate the detrimental effect of P2X7R in the kidney. Thus blocking P2X7R with its selective antagonists would be a promising treatment for AKI.
